Abstract. Crop-management solutions that simulate plant water-saving strategies might help to mitigate drought damage in crops. Winter canola (Brassica napus L.) is significantly drought-sensitive from flowering to mid-pod development, and drought periods lead to significant yield losses. In this study, the drought-protection efficacy of different chemicals with antitranspirant activity applied just before key drought-sensitive phenological stages was tested on field-grown canola in two years. Drought was artificially imposed with rain shelters. The results suggest that in-field application of 1 L ha -1 of antitranspirant (Vapor Gard (VG), a.i. di-1-p-menthene) at GS6.0 (BBCH growth scale, initiation of flowering) mitigated drought-induced yield loss leading to a 22% seed-yield benefit on average over 2 years of experiments compared with the unsprayed unirrigated plots. No significant yield responses were found from application at GS7.0, with increasing VG concentrations (i.e. 2 and 4 L ha -1 ), or with an antitranspirant with short-lasting effectiveness. The data suggest that in field conditions where drought occurs during the flowering stage, application of 1 L ha -1 of VG just before the drought event can reduce yield loss. This result should encourage further work on water-saving management strategies during key drought-sensitive phenological stages as drought mitigation tools in canola and under different environments.
Introduction
There is significant evidence that a major factor determining the yield of winter canola (Brassica napus L.) is the amount of soil water available over the reproductive stages (Jensen et al. 1996; Berry and Spink 2006; Istanbulluoglu et al. 2010) . The yield components of the crop (pod number, seed number, and seed weight) are determined over a crucial period between flowering and mid-pod development (Mendham et al. 1981) . This period often occurs in a seasonal time-frame (i.e. spring) of high crop water use (Vadez et al. 2014) , elevated soil evaporation (Vadez et al. 2014 ) and low precipitation (Berry and Spink 2006) , in turn lowering the yield potential of the main commercially available varieties.
It has been extensively hypothesised that by maintaining high soil-water availability and/or plant water status over these key periods, arable crops may exhibit a yield benefit (e.g. Salter and Goode 1967) . In Wang et al. (2005 Wang et al. ( , 2009 , downregulation of the farnesyltransferase subunit, a protein involved in stomatal sensitivity to ABA, gave a yield benefit in field-grown canola under drought due to a significant reduction in transpiration. Similarly, intracuticular and epicuticular wax accumulation under water-limited conditions reduces leaf transpiration, leading to a sustained photosynthetic rate (Cossani and Reynolds 2012) . Thus, further exploitation of water-saving strategies or wax-simulating tools may significantly reduce the drought damage to canola yield at sensitive growth stages.
The ability of a film antitranspirant (AT) to reduce transpiration through stomatal occlusion for a temporary period is well documented (Solarova et al. 1981) . Recently, the mechanisms of the yield benefit from AT under drought conditions on wheat and canola, in particular in relation to the reproductive development, have been explored (Weerasinghe et al. 2016; Faralli et al. 2016 Faralli et al. , 2017a . The main physiological factors involved in reduced yield loss from drought following AT application are (i) a higher leaf water potential (Weerasinghe et al. 2016; Faralli et al. 2016) , (ii) a higher pollen fertility at pollen development stage and/or a lowered ABA signalling (Weerasinghe et al. 2016; Faralli et al. 2016 Faralli et al. , 2017a , and (iii) a sustained photosynthetic rate (Abdullah et al. 2015; Faralli et al. 2016) leading to more grain or seed production compared with the untreated and stressed control (Abdullah et al. 2015; Weerasinghe et al. 2016; Faralli et al. 2016 Faralli et al. , 2017a .
Canola has been shown to be more drought-sensitive than wheat (Hess et al. 2015) and AT application around flowering was beneficial for the yield of pot-grown canola subjected to water stress, although a substantial difference in efficacy between two AT treatments was recorded (Faralli et al. 2016 ).
Application of AT on field-grown Brassica campestris gave a grain yield increase following improved plant water status and water-use efficiency under dryland conditions De 1976, 1978) . However, no additional work has been published on field experiments and there is no work in the literature investigating the effectiveness of film ATs at avoiding yield losses of winter canola under drought conditions in the field.
The present study comprised two field experiments under rain-shelters to investigate the effectiveness of AT for sustaining the yield of droughted canola over different phenological stages. In 2015 (Expt 1), two chemicals with antitranspirant activity were applied at three different phenological stages, whereas in 2016 (Expt 2) the chemical (di-1-p-menthene) that showed the best yield response in four glasshouse experiments and in the field in 2015 was used in a dose-response experiment and sprayed at two phenological stages.
Materials and methods

Site, soil analysis and crop sowing
The two field experiments were carried out in Flat Nook field, a field site at Harper Adams University, Shropshire (52846 0 N, 2825 0 W). Soil profile, bulk density and soil texture were analysed on 20 January 2015. A 1-m 3 soil profile pit was excavated inside the experimental area. Four bulk-density samples at depths of 20, 30, 60 and 80 cm were collected inside the pit with a 300-cm 3 tin, adapted from Rowell (1994) . Texture samples were collected at the same depths as bulk density samples. The soil profile was used to determine soil depth (~90 cm). Texture samples were analysed according to Toogood (1958) .
Previous crops at the site were fallow (no crops) for the 2014-15 experimental area and potatoes for the 2015-16 experiment area. Winter canola seeds (cv. Excalibur; DEKALB, Cambridge, UK) were sown on 29 August 2014 with 15-cm row spacing and a seed rate of 80 seeds m -2 (Expt 1) and on 4 September 2015 with 15-cm row spacing and a seed rate of 50 seeds m -2 (Expt 2). Soil preparation for sowing and crop management followed the standard UK agronomic practices including insecticide, fungicide, herbicide and fertiliser application.
Design and treatments in 2014-15 (Expt 1)
The experiment was a factorial randomised block design composed of three blocks, with each block in a separate rainshelter. There were eight plots per block and the plots were~5 m long and~3 m wide. The treatments consisted of two AT products each sprayed at three growth stages (according to the BBCH growth scale): bud emerging (23 March 2015, flower buds visible from above, GS5.1); flowering (17 April 2015, 50% of plants have the first flower open, GS6.0); pod development (15 May 2015, 10% of pods on the main stem reached the final size, GS7.0). There were two additional control treatments in each block: irrigated with no AT (WW) and unirrigated with no AT (WS). Rain-shelters were moved into position on the 26 February 2015 when plants were still at rosette stage, and from this stage until harvest water was applied only on the WW plots. The two ATs were chosen for the experiments: Nu-Film P, a.i. poly-1-pmenthene 96% (NFP); Vapor Gard, a.i. di-1-p-menthene 96% (VG) (Miller Chemicals and Fertilizer, Hanover, PA, USA). They were sprayed in a volume of 200 L ha -1 of water by using a hand-held knapsack sprayer (flat fan 110/03, 0.3 MPa, 1 m s -1 ). For each spray treatment, the boom was maintained 0.5 m above the leaf (GS5.0 and GS6.0) and pod (GS7.0) canopy.
Design and treatments in 2015-16 (Expt 2)
The experiment was a factorial randomised block design composed of six blocks with eight treatments per block and the plots were~6 m long and~1 m wide. Each rain-shelter contained two blocks, and in each block the treatments were three VG dose rates (1, 2 and 4 L ha -1 ) sprayed at two growth stages (8 April 2016, GS6.0; 19 May 2016, GS7.0) by using the spray conditions of the 2015 experiment. There were two control treatments in each block: WW and WS. Rain-shelters were moved into position on 1 February 2016 until harvest and water was applied only to the WW plots.
Soil moisture measurements, irrigation and environmental conditions
In Expt 1, 80-90-cm aluminium-alloy neutron-probe access tubes for soil-moisture data collection were placed in each plot. Soilmoisture measurements were taken with a neutron probe (Institute of Hydrology Neutron Probe System, Wallingford, UK) of 80 cm length. Soil-moisture readings were taken from all plots (one reading per tube per plot) at 20, 30, 50 and 80 cm depth in both experiments. Volumetric water content (VWC) was calculated for all the experiment according to the Neutron Probe handbook (Bell 1987) for sandy soil as: VWCð%Þ ¼ 0:79 Â counts per second neutron probe reading À 0:024 Â 100:
Field capacity for the different soil depths was determined by taking readings on 15 December 2014 and 14 January 2015, while the soil was at field capacity. Soil-moisture data were taken on 16 December 2014 and 14 January, 2 March, 16 March, 26 March, 7 April, 17 April, 24 April, 1 May, 13 May and 4 June 2015. Irrigation was applied only to WW plots over the whole experimental period through a pipe installed into those plots. Water was applied from the installation of the rain-shelter until complete maturity (i.e. before harvest), every two days, to avoid soil-moisture deficit in the WW plots (Fig. 1a) .
In Expt 2, one aluminium-alloy tube was placed in a WW plot and one in a plot subjected to drought stress (regardless of AT application) randomly selected for each rain-shelter (n = 3 for WS and WW). Soil-moisture readings and calculations for VWC were done as for Expt 1 and for each tube on 19 January, 21 January, 26 February, 24 March, 26 April, 23 May and 21 June 2016. Irrigation was applied to the WW rain-shelter plots by installing irrigation tapes to each WW plot (Fig. 1c) . Tapes had 1-mm-diameter emitters (two for each set) positioned 10 cm apart and ensuring~200 mm H 2 O m -2 h -1 .
Stomatal conductance and gas exchange
In both the experiments, leaf stomatal conductance to water vapour (gs) was collected at GS6.0 and GS7.0 by using a transient-state diffusion porometer (AP4; Delta-T Devices, Cambridge, UK). The device was calibrated before every use with the calibration plate provided. Measurements of the abaxial gs and adaxial gs were collected from three randomly selected, fully expanded leaves at the top of the canopy per plant and then averaged (n = 4 of averaged measures for Expt 1 and n = 6 of averaged measures for Expt 2). Total gs was then calculated as adaxial gs + abaxial gs. Data were collected between 09 : 30 and 12 : 00. Pod gs was analysed with the same porometer on main-stem pods positioned at mid-distance between the first internode and the plant tip (n = 4 for Expt 1 and n = 6 for Expt 2). In Expt 1, the light-saturated CO 2 assimilation (A max , mmol CO 2 m -2 s -1
) and the leaf transpiration rate (E, mmol H 2 O m -2 s -1 ) were measured on the first fully expanded leaf of the top canopy of randomly selected plants for each treatment or plot (n = 4) by using a CIRAS portable photosynthesis system (PP Systems, Amesbury, MA, USA) with a 2.5-cm 2 cuvette ensuring a saturating 1200 mmol m À2 s À1 of photosynthetically active radiation (PAR); all data were recorded after 3-4 min at 400 ppm CO 2 level, when steady-state photosynthesis was achieved. The data were recorded after GS6.0. The leaf wateruse efficiency (WUE) was then calculated as A max /E (n = 6).
Chlorophyll fluorescence
A FluorPen 100 MAX (Photon Systems Instruments, Drásov, Czech Republic) was used to evaluate dark-adapted chlorophyll fluorescence parameters. From 09 : 00 to 16 : 00, the tagged first fully expanded leaf of the top canopy was used for a 30-min darkadaptation provided by leaf clips in Expts 1 and 2 (n = 6). The maximum quantum efficiency of photosystem II photochemistry (F v /F m = (F m -F o /F m )) was recorded according to Murchie and Lawson (2013) .
Leaf and pod water potential
Plants were used for analysis of leaf water potential (LWP, over GS6.0) and flower-pod water potential (PWP, over GS7.0) in Expt 1. Between 11 : 00 and 14 : 00, leaves or pods were excised with a scalpel from five plants for each treatment (n = 5), and water potential was immediately analysed by using a Scholander pressure chamber (SKPM 1405/50; Skye Instruments Ltd, Llandrindod Wells, UK). The tissues were analysed on the cut end of the petiole 1 cm from the base (leaf or flower-pod). The water potential value (MPa) was collected when water was exuding from the cut surface, seen by using a magnifying lens.
Yield assessments
At maturity (1 July 2015 for Expt 1 and 19 July 2016 for Expt 2), plots were harvested with a plot-combine harvester (Wintersteiger Nursery Master, Wintersteiger AG, Ried, Austria). In total, 7.5 m 2 was harvested for each plot in Expt 1 and 6 m 2 in Expt 2, and the seeds for each plot were collected and stored in a drying room (~358C). Seed moisture was collected daily with a moisture meter and seed were weighed by balance. The values were considered correct when all the seed samples reached the 9% moisture (~3-4 days after drying). Yield (t ha -1 ) was then calculated by adjusting the area of the harvested plot to 1 ha. Then, 1000-seed weight (TSW) was determined by taking the mean weight of three 100-seed lots per replicate and extrapolating to TSW. Number of seeds per m 2 was then calculated as the total plot seed number (calculated from TSW and yield) divided by the area of the plots. 
Statistical analyses and data presentation
Temperature and rainfall for Expts 1 and 2 are presented as daily data collected at a weather station~650 m from the field site. The VWC of each experiment is shown as plot means. Because in Expt 1 no statistically significant differences were recorded between droughted AT sprayed and unsprayed plots, all data from droughted plots (+AT or -AT) were pooled and presented as 'unirrigated' means. Stomatal conductance, gas-exchange and water potential data were subjected to one-way analysis of variance (ANOVA) for each day of data collection and means were separated by using a Tukey's test (P = 0.05). Yield data were subjected to one-way ANOVA and means were separated by using a Tukey's test (P = 0.05). Yield data were then subject to contrast analysis to evaluate additional statistical differences between treatment combinations. In Expt 1, plots were subjected to significant lodging in two of the rain-shelters, and this was scored as percentage of the total plot area. For Expt 1, data from GS5.0 are not presented because the soil-moisture deficit applied at the time of AT application was very similar to the irrigated one (no soil-moisture deficit); therefore, a valid test of the effect of AT on droughted canola was not conducted. Yield data from Expts 1 and 2 of unirrigated unsprayed, 1 L ha -1 of VG at GS6.0 and 1 L ha -1 of VG at GS7.0 treatments were pooled and a Tukey's test was used to test the differences over two years in seed yield. In Expt 2, block 1 was significantly damaged by pigeons and block 6 was subjected to edge effects; therefore, only blocks 2, 3, 4 and 5 were used for the Tukey's test (thus, n = 7). All the statistical analyses were performed by using GENSTAT (17th edition, VSN International Ltd, Hemel Hempstead, UK).
Results
Weather, soil and VWC
Monthly weather data for Expt 1 (2014-15) and Expt 2 (2015-16) are shown in Fig. 1 . In Expt 2, the winter and the spring were warmer (~88C on average) than that in Expt 1 (~78C on average) followed by higher total precipitation (~2.32 mm day -2 in Expt 2 and 1.77 mm day -2 in Expt 1, on average). Analysis of soil texture showed that Flat Nook soil is typically a sandy loam soil according to Toogood (1958) . At a soil depth of 20 cm, the percentage of sand was 75.8%, with 20.8% silt and 3.4% clay and a bulk density of 1.74 g cm -3 . At 40 cm depth, the percentage of sand increased relative to the 20 cm depth, to 78.9%, and decreased to 71.2% and 72.1% for 60 and 80 cm depth, respectively. Silt percentage remained relatively stable at~20%, whereas clay concentration increased to 6.4% and 5.4% at 60 and 80 cm depth, respectively. Bulk density steadily increased to 1.76, 1.78 and 1.84 g cm -3 at 40, 60 and 80 cm depth, respectively.
In both experiments, WW plots grown under rain-shelters exhibited similar VWC values that fluctuated in the range 40-45% for 20 and 40 cm depth and 30-35% for 60 and 80 cm depth (Fig. 2) . Rain-shelter and WS plots exhibited a steep decrease in VWC during both experiments. Compared with the WW plots, WS plots showed an average (20, 40, 60 and 80 cm depth) decrease in VWC from an initial 40% to 38%, 28% and 21% at GS5.0, GS6.0 and GS7.0, respectively, in Expt 1. In Expt 2, it was from an initial 43% to 30% and 24% on average at GS6.0 and GS7.0.
Stomatal conductance, gas-exchange and chlorophyll fluorescence over GS6.0
In both the experiments, total gs of WW plots over GS6.0 fluctuated from~1200 to 500 mmol m -2 s -1 . Over GS6.0, WS plots exhibited a decrease in total gs at all days after spraying (DAS) compared with the WW plots (Fig. 3) . Compared with the WW unsprayed plots, the WS unsprayed plots exhibited a lower total gs by~50% in Expt 1 and by~25% in Expt 2. Indeed, at all DAS, WS significantly decreased abaxial and adaxial gs, with the latter showing a smaller reduction. At the same time, gas-exchange analysis in Expt 1 showed that WS plots exhibited a lower capacity for assimilating CO 2 than the WW plots, leading to higher leaf WUE values than in WW plots.
In Expt 1, application of NFP significantly reduced adaxial gs at 3 DAS and 6 DAS without affecting abaxial gs compared with the WS unsprayed. However, no significant differences were found in total gs and CO 2 assimilation rate compared with the WS plots. Application of NFP decreased the transpiration rate compared with the WS unsprayed plots by 13%, leading to slightly higher leaf WUE values.
In both experiments, VG (1 L ha -1 dose rate) significantly reduced adaxial gs throughout GS6.0 compared with the WS unsprayed plots. However, a small increase, although not significant, was found in the abaxial surface values compared with the WS unsprayed at 6 DAS 6 and 16 DAS. Total gs was significantly reduced by VG treatment on most DAS. When the experiments showed low conductance values (i.e. 10 and 12 DAS in Expt 1 and 6 DAS 6 in Expt 2), the effect was not significant. Steady, lower total gs values compared with the WS unsprayed were recorded even at 18 DAS and 20 DAS. In Expt 2, the higher VG dose rate (2 and 4 L ha -1 ) did not show any additional gs reduction compared with 1 L ha -1
. VG application in Expt 1 did not affect CO 2 assimilation, showing trends similar to the WS unsprayed plots, but it was accompanied by an overall 15% reduction in transpiration rate leading to significantly higher WUE values (Fig. 3h) than the WS plots. For both experiments and all treatments, no differences were found between chlorophyll fluorescence traits (data not presented).
Stomatal conductance over GS7.0
In WW plots for Expts 1 and 2, respectively , the pod gs was 120 and~150 mmol m -2 s -1
, on average, whereas adaxial gs was~150 and~200 mmol m -2 s -1 (Fig. 4) . In WS plots, the average pod gs was~70 and 100 mmol m -2 s -1 in Expts 1 and 2, respectively, which was~40% less than the WW plots. Similarly, the adaxial gs of the WS plots was~45% lower than that of the WW plots.
In Expt 1, NFP application did not have a significant effect on pod gs. By contrast, a slight reduction of adaxial gs was recorded at 1 DAS, although this was not statistically significant.
Application of VG at 1 L ha -1 had a strong and significant effect at reducing pod gs in Expt 1, whereas no significant differences were recorded in Expt 2. Similarly, 1 L ha -1 of VG decreased adaxial gs at 1, 4 and 6 DAS in Expt 1, whereas in Expt 2, no significant differences were recorded. Increasing dose rate (i.e. 2 and 4 L ha ) had a negligible effect in reducing both adaxial and pod gs in Expt 2, despite pod gs being significantly lower than that of the WS unsprayed plots at 1, 4 and 6 DAS.
Leaf and pod water potential
The LWP of WW plots was between -1 and -1.2 MPa, whereas the PWP in WW plants was slightly less negative (~-0.9 on average) (Fig. 5) . Drought had an effect on both LWP and PWP, leading to lower values by~2-fold on average. Although no differences in LWP and PWP were found between NFP sprayed and unsprayed plots, significantly less negative values were found in VG-sprayed plots, by 33% and 25%, respectively, averaged over all the dates compared with WS plots.
Yield and yield components analysis
In Expt 1, WW plots showed an average seed yield of 3.56 t ha -1 (Fig. 6) . Water deprivation decreased the seed yield and number of seeds per m 2 by 43% compared with WW plots, leading to an average seed yield of 2.01 t ha -1 . NFP sprayed at GS6.0 and GS7.0 onto droughted canola increased seed yield compared with the WS unsprayed plots, leading to seed yield of 2.87 and 2.42 t ha -1 , respectively. In particular, NFP application at GS6.0 increased number of seeds per m 2 by 27% compared with the WS unsprayed plots. With respect to the WS unsprayed plots, VG-treated plots at GS6.0 and GS7.0 showed an increase in seed yield, leading to 2.49 and 2.26 t ha In Expt 2, WW plots showed an average seed yield of 4.22 t ha -1 and a number of seeds per m 2 of 85 000 (Fig. 6 ). Water deprivation decreased the seed yield and number of seeds per m 2 by 33% compared with the WW plots, leading to an average seed yield of 2.85 t ha -1 . TSW was not affected by water deprivation (all values~4.92 g). VG applied over GS6.0, despite differences not being significant, appeared to increase seed yield by 14%, 14% and 23% at 1, 2 and 4 L ha -1 , respectively, compared with the WS unsprayed plots. By contrast and when compared with the WS unsprayed plots, the VG application over GS7.0, although not significant, increased seed yield by 12% and 14% when sprayed at 1 and 2 L ha -1 , whereas a 7% decrease was recorded at 4 L ha -1 . Because TSW was never affected by watering regime and VG, the seed yield variation was governed only by a similar reduction/increase in number of seeds per m 2 . On average, the two field experiments showed that WS plots had an average decrease in seed yield by 40% (Fig. 7) . Application of 1 L ha -1 of VG just before GS6.0 did have a significant effect in sustaining the yield of unirrigated canola plots by 0.71 t ha -1 on average compared with unsprayed plots. By contrast, the effect of VG application of 1 L ha -1 just before GS7.0 was not significant.
Discussion
Effect of water deficit on field-grown canola at GS 6.0 and GS 7.0
The VWC recorded in this work is high for a sandy loam soil. Indeed, the VWC for a sandy loam topsoil would be expected to be~31% AE 8.6 (s.d.) (Hall et al. 1977) . However, bulk density and organic matter variations could explain some of this variation, because both are known to influence VWC 
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Crop & Pasture Science (Hall et al. 1977) , and relative readings should be reliable, allowing legitimate comparisons between treatments. In our experiments the crop was grown under rain-shelters (built at the end of the winter) to decrease the soil moisture and therefore artificially induce water stress to the crop. As in Weerasinghe et al. (2016) , average differences in temperature of 2À38C between the inside and the outside of the rain-shelter were recorded on days with high temperatures and elevated light irradiance. However, this work compared only plots grown under rain-shelters, so the temperature differences are unlikely to affect the comparison.
Data for gs from Expts 1 and 2 and water potential analysis from Expt 1 showed that, at the dates of AT application, the unirrigated plots were significantly stressed. In addition, soil moisture data showed significant decreases in VWC in both topsoil and subsoil that match the gs reduction of unirrigated plots. Because the rain-shelters were built at the end of winter for both years, the VWC reduction was much larger with application at GS7.0 than GS6.0. The VWC of the unirrigated plots in Expt 2 was higher than that in Expt 1 at GS6.0 and GS7.0. This was due to the significantly lower temperatures in March and April 2016 (Fig. 1 ) that led to lower evaporative of Vapor Gard (VG). Data were analysed by ANOVA. Data are means AE standard error of the differences of the means: n = 3 for Expt 1 and n = 5 for Expt 2.
demand and thus a possible lower total evapotranspiration. At the same time and in both the experiments, the irrigated plots showed constant VWC at all soil depths that were very similar to the winter values. This suggests that on irrigated plots, plants had access to high water availability throughout the experimental period.
In both experiments, total gs of unirrigated plots was significantly lower than of the irrigated plots. Despite that, in Expt 2 the reduction was less evident throughout GS6.0. Our data showed that stomatal closure occurred at field scale when water availability decreased, but the reduction was much lower than for an artificial drought stress imposed in pots (Faralli et al. 2016) . Similarly, lower CO 2 assimilation capacity was found in unirrigated plots compared with irrigated, and this may be accompanied by lower assimilate production over the flowering stage. However, the non-significant differences in chlorophyll fluorescence traits between unirrigated and irrigated plots suggests that photosynthetic downregulation is only stomataldriven (at least at the soil moisture deficit applied in this work), and drought does not directly affect photochemistry efficiency (as already reported by Müller et al. 2010) . To confirm this, leaf WUE was increased in unirrigated plots relative to irrigated (Fig. 3h) , therefore showing a water-stress-induced watersaving strategy triggered by stomatal closure. Similarly, in Jensen et al. (1996) , canola plots grown in a sandy soil and stressed over reproductive stages showed gas-exchange and water potential reductions that match our data. Indeed, in our experiments, drought affected water potential and led to more negative values in unirrigated plots. Altogether, the data showed overall significant detrimental effects on field-grown canola at a physiological level that were clearly less prominent than occurred with glasshouse work (e.g. Faralli et al. 2016; Champolivier and Merrien 1996) , but were consistent with other field reports (e.g. Jensen et al. 1996; Mogensen et al. 1997; Istanbulluoglu et al. 2010) .
In both experiment, unirrigated plots showed a significant decrease in seed yield compared with irrigated plots. The reduction was due mainly to a significant decrease in number of seeds per m 2 , in accordance with many other reports Spink 2006, 2009) where number of seeds per m 2 is a main target to increase canola yield. By contrast, no significant differences were found in TSW, whereas other reports show significant TSW compensation under drought (e.g. Champolivier and Merrien 1996) . However, in our experiments, unirrigated plots did not receive supplementary watering until harvest; therefore, it is possible that the TSW compensation was significantly reduced due to the prolonged stress conditions. In this work, we confirm that soil-moisture deficit during the canola reproductive period is a key factor in seed number determination, and therefore further efforts should focus on improving canola resilience to drought through reproductive physiology, a field that has not been particularly studied in canola.
Effect of film antitranspirant on canola at GS6.0 and GS7.0
Our data on canola physiology show that AT application at 1 L ha -1 decreased gs and did not affect CO 2 assimilation. One major problem related to the use of AT is that, often, the reduction in water loss was accompanied by a reduction in CO 2 assimilation (Solarova et al. 1981) . However, it has been shown that the increase in atmospheric CO 2 may counteract the reduction in CO 2 uptake (del Amor et al. 2010) . Moreover, recent literature shows an increasing amount of successful work using biotechnological approaches that focus on triggering water-saving strategies in crops, leading to ameliorative physiological responses under drought (especially in canola and Arabidopsis; e.g. Wang et al. 2005 Wang et al. , 2009 Yang et al. 2016) . This confirms the importance of water-saving strategies and their success in improving crop resilience to water deficit, especially in conditions (e.g. the present atmospheric CO 2 concentration~404 ppm) where RuBisCo is less limited than in the past (e.g. 1960 with an atmospheric CO 2 concentration of~300 ppm) (Faralli et al. 2017b) .
Collectively, the data over GS6.0 suggests that VG had a major effect on number of seeds per m 2 and therefore it is possible to hypothesise that the higher plant water status during GS6.0 following AT application significantly sustained seedset (as already reported for wheat by Weerasinghe et al. 2016) . In Expt 1, lodging occurred in the last part of the season, with greater prevalence on irrigated plants and the GS6.0 sprayed plants, possibly because the higher water availability allowed increased plant growth and therefore plants with higher chance of lodging. At the same time, contrast analysis showed no significant effect of dose rate (P = 0.12), suggesting that no yield benefit can be achieved by increasing the VG rate at the magnitude of stress applied in this work. In addition, because the yield gain at GS6.0 exceeds the cost of most of the available chemicals with AT activity (e.g.~US$25-35 L -1 for VG), the 1 L ha -1 may be relatively inexpensive if the application is done before the onset of terminal drought conditions (therefore enhancing the water-saving effect of VG during flowering). Potential integration with the standard cropprotection treatments (e.g. Sclerotinia, pollen beetle and plantgrowth-regulator treatment applications) can be an additional value that might significantly reduce the cost of the spray application. By contrast, no significant effects were recorded when ATs were applied at GS7.0. One reason could be that the artificial soil-moisture deficit applied with the rain-shelter at GS7.0 was much stronger than that at GS6.0, and therefore, it is possible to speculate that VG is not efficient when a strong droughtinduced stomatal closure is triggered (as shown in Faralli et al. 2017a) . In addition, the dose-response experiment showed slight (non-significant) decreases in seed yield at 4 L ha -1 compared with the untreated unirrigated plots. Previous work showed that application of VG on both stressed and unstressed plants significantly reduced ABA concentrations in both leaf and reproductive organs (Iriti et al. 2009; Faralli et al. 2016 Faralli et al. , 2017a ; therefore, it is possible that the different yield response to VG over GS6.0 and GS7.0 could be due to the sensitivity to ABA of the two phenological stages. Indeed, while ABA has been reported to be involved in early reproductive failure in wheat (Westgate et al. 1996) and soybean (Liu et al. 2004) , the accumulation of ABA in wheat spikelets during the grain filling stage is considered a desirable trait (Foulkes et al. 2011) . This is because ABA counteracted the detrimental effect of ACC (thus ethylene) on grain filling, leading to higher seed weight and lower seed abortion under stress. Although no work has been done on the effect of ABA : ACC ratio during the pod development-seed filling stage in canola, we can speculate that VG application over GS7.0 mitigated the accumulation of ABA in pods and seeds and therefore reduced the beneficial effects of ABA during the seed-filling stage. Indeed, de Bouille et al. (1989) reported that ABA accumulated in canola seeds during the late stage of pod development-initiation of seed filling, suggesting that, as for other crops, ABA may modulate assimilate flux to seeds and thus induce seed maturation.
Application of film AT has been previously used in a broad range of crops to mitigate drought-induced yield losses (e.g. in sorghum ; Fuehring 1975) and recently in field-grown wheat (Weerasinghe et al. 2016 ) and pot-grown oilseed rape (Faralli et al. 2016 (Faralli et al. , 2017a . Only one publication is available testing the efficacy of different ATs to avoid yield losses in a crop belonging to the same canola family (Brassica campestris) (Patil and De 1978) . Mobileaf (the film-forming chemical) increased seed yield irrespective of the nitrogen supply in both years, with an average of 0.41 t ha -1 following an ameliorative effect on plant water status. In those experiments, the control unirrigated and untreated showed a lower seed yield than in our work, on average (1.60 t ha -1 ). The lower seed yield found by Patil and De (1978) than in our work may be for two reasons. First, the crop was a spring variety, and it is well known that spring varieties generally exhibit lower yield than the winter crop. Second, the crop was grown under dryland conditions with high temperature (~258C), whereas in the present work, the average spring temperature was~128C in both years.
Conclusions
Consistent with previous work, the efficacy of an antitranspirant treatment is confined to the most drought-sensitive stages, where maintaining high plant water status can sustain the reproductive capacity under reduced water availability. In addition, our work has been carried out under relatively cool spring conditions where the loss of evaporative cooling following the reduction in stomatal conductance did not have a detrimental effect on the physiological traits analysed. Therefore, further investigations on the efficacy of ATs should be done under different environmental conditions and on a broader range of crops to define better their use and potential. To conclude, our work suggests a potential use of the antitranspirant VG to reduce yield losses when applied at 1 L ha -1 just before GS6.0 on canola subjected to water stress.
